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ABSTRACT

Nuclear power plants (NPPs) are considering flexible plant operations to take advantage of excess
thermal and electrical energy. One option for NPPs is to pursue hydrogen production through high
temperature electrolysis as an alternate revenue stresaiaiiceiconomically viable. The intent of

this study is to investigate the risk of a hydrogen production facility in close proximity tofan NPP.
100 MW, 500 MW, and 1,000 MW facility are evaluated Rezgiaus analyses have evaluated
preliminary degns of a hydrogen production facility in a conservative manner to determine if it is
feasible to ctocate the facility within 1 km of an NPP. This analysis specifically evaluates the risk
components odlifferenthydrogen production facilityesigs, incuding the likelihood oflaak

within the systerand the associated consequence to critical NPP targets. This analysis shows that
although the likelihood of a leak in an HTEF is not negligible, the consequence to critical NPP
targets is not expected tadléa a failurgiven adequate distaican the plant
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ACRONYMS AND TERMS

Acronym/Term Definition
NPP nuclear power plant
PRA probabilistic risk assessment
PRD pressure relief device
SOEC solid oxide electrolyzer cell
TNT trinitrotoluene
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1. INTRODUCTION

Nuclear power plants (NPPs) may use flexible plant operations and generation to take advantage
of excess thermal and electrical energy. However, NPPs must show that the operation of such a
system is safand does not pose a significant threat to the high consequence NPP facilities and
structures. The risk associated with hydrogen production thiglugénhperature electrolysis

has been evaluated for preliminary facility d¢&]ghise intent of this study is to investigate

the risk associatedth a more mature design of a 100 MW hydrogen generation facility.
Additionally, 500 MW and 1,000 MW hydrogen facility designs are invdstitjgsemhalysis,

the hazards associavgth a hydrogen generation facdityanalyzed to determitiee

minimum distance at which it can be located with respediiRPaA facility component list

was developed ftine hydrogen generation factigsignsNext,the associated leak frequesncie

for the individuatomponents in thieydrogen facilitwereevaluated to develop an overall

facility leak frequencihefragility of critical targets at tN€P site wassed to inform the set

back distance calculatioRmally, heconsequerasresulting fronahydrogen jet releasethe

hydrogen production faciliyerecalculated and compared to the target fragigyeral

different leak scenarios were considered in the evaluation, inclddorg anld partial breaks.
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2. HYDROGEN FACILITY COMPONENT LIST

Threehydrogen generation plant sizes are evaluated in this report: 100 MW, 500 MW, and 1,000
MW. The conceptual design of a 100 MW facility provided by Sargent & Lundy was used to define
the component list of the 100 MW fi&ac[R], in addition to assumptions and engineering

judgement. The design was then used as a basis to define the component list for the 500 MW and
1,000 MW designs.

2.1 100 MW Plant Design

To develop the bottorp leak frequay for the hydrogen generation facility, the components in

the system need to be documented. This list was used in conjunction with component specific leak
frequencies developed previo{iljo develop system level leak fregies. The conceptual

design of the overall facility was provided by Sargent & [Rlind@iyie hydrogen process flow

diagram of the facility, from the electrolyzers to the offtake point, are shayuneh The

design includes the important equipment, including the solid oxide electrolyzer cell (SOEC)
modules, heat exchangers, compressors, etc. Additionally, the [@pgthiaadsystem

parameters were defined in the conceptual design.

1
1
Module !
. Pressure: 0.4 psig :
*  Temperature: 356 F T *  Pressure: 0.4 psig *  Pressure: 5 psig
*  H2 Flow rate: 50 kg/hr : *  Temperature: 140 F *  Temperature: 140 F
© Purity: 90% H2, 10% H20 *  H2Flow rate: 300 kg/hr - H2 Flow rate: 300 kg/hr
= Purity: 90% H2, 10% H20 = Purity: 90% H2, 10% H20

(condensed) (condensed)

| Module I ' '
1
Module

I I
1 1 1
1 Heat ! !

Exchanger

Blower

Separation O
Vessel -

*  Pressure: 300 psig

1

i

1 +  Temperature: 140 F - Pressure: 300 psig
1

1

+  Temperature: 140 F
*  H2Flow rate: 305 kg/hr

*  H2 Flow rate: 305 kg/hr
_____________________ - Purity: 90% H2, 10% H20

10 MW Black (condensed) *  Purity: "100% H2
* L 4
| |
15t Stage | Dryin, | Buffer 2nd Stage
A 2 ! Drving/ | | £ | . Offtake

Compression Purification Vessel Compression !

1

]

= Pressure: 1500 psig

= Temperature: 140 F

+  H2 Flow rate: 300 kg/hr
= Purity: ~100% H2

Other Blocks

Figure 1: Simplified Flow Diagram of Hydrogen Process Piping within the Hydrogen Facility with
Process Conditions [2]

However, this design did not explicitly define the number of secondary components, such as joints
and valves, thateaimportant in the leak frequency analysis. Therefore, thelhaulelrogen

facility configuration was used as a basis for an estimate of the number of these components using
assumptions and engineering judgentegtire2 shows the doubléne hydrogen facility

configuration used to estimate the component count in the facility downstream of the SOEC
modules.
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BURIED H2 PIPELINE
TO BULK STORAGE

o x o 3 o

T HIGH PRESSURE i
COMPRESSION D

HI) [

DRYING & PURIFICATION
SKID

. x®

SOEC
MODULE

| POWER DISTRIBUTION
CENTER —

1
10 MW SOEC BLOCK

127-0"

=3

- A

Figure 2. Double-line Configuration of 100 MW Hydrogen Facility [2]

The following estimates, and their basis, were used to define the number of components in the
hydrogen generation facility downstream of the SOEC modules:
- Section 1: SOEC Module teat Exchanger
0 60 SOEC Modules
o 60 Joints (Tees, elbows, reducers, expanders, etc.)
A Basis: joint for each SOEC module to common header
o 60 Valves
A Basis: isolation valve for each SOEC Module
0 10 Heat Exchangers
A Basis: after combined into common header, thésfloondensed by a heat
exchanger
- Section 2: Heat Exchanger to Blower
o 10 Joints
A Basis: joint for each header for connection between heat exchanger and
blower
o 10 Valves
A Basis: isolation valve for each header
o 10 blowers

13



A Basis: pressure is increaseddigveer immediately downstream of the heat
exchanger
Section 3: Blower t6' Stage Compression
o 10 Joints
A Basis: joint for each common header from blower to separation vessel
o 10 Valves
A Basis: isolation valve for each header
0 10 Separation Vessels
A Basis: sepation vessel for each common header prior to compression
o0 10 Compressors
A Basis: compressor for each common header
Section 4:%1Stage Compression to Drying/Purification
o 1 Joint
A Basis: joint for purification vessel
o 1 Valve
A Basis: isolation valve downstredrif' compression
o0 1 Vessel
A Basis: purification vessel downstreant obmpression
Section 5: Purification t&'Stage Compression
0 4 Joints
A Basis: joint for purification vessel and buffer vessel
o0 4 Valve
A Basis: isolation valves downstreani‘afa®npresion
0 4 Compressors
A Basis: 4 higpressure compressors shown
o0 1 Vessel
A Basis: buffer vessel
Section 6: Downstream of 3tage Compression
o 1Valve
A Basis: isolation valve in offtake header
o 1 Joint
A Basis: joint for offtake
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The pipe length of each of thections was documented in the preconceptual design. The double
line configuration pipe length was listed as 481&l#6 m) for all sections combined. This pipe

length is used in the leak frequency analysis herein. A summary of the components downstream of
the SOEC modules is documentediablel.

Table 1: 100 MW Facility Component List Downstream of SOEC Modules

Components Count
Cylinder (vessel, separator, heat exchal 22
Valve 86
Joint (tee, elbow, reducer, expander 86
Compressor 14
Pump/Blower 10

Pipe length (m) 1,316

For the individual SOEC modulesgimeering judgement and the design of previous facilities were
used as a basis for the component csinoé the detailed design of the SOEC modules was not
availableBased on the component count documented in Appendix A of the previous[ahalysis
Table2 shows the component count for a single SOEC module. Notaethatber of each of

the components [zased on the hydrogen generation and purification systems from the previous
design However, the pipe length was not explicitly defined for a single pregiidasly For this
analysis, it was estimated that each module would contaif®Q@®@® finpf internal piping, which

is approximately 4x the width of a single module.

Table 2: SOEC Module Component List

SOEC Module Components Count
Cylinder (vessaleparator, heat exchang 16
Valve 19
Joint (Tee, elbow, reducer, etc.) 3
Compressor 2
Pump/Blower 3

Piping within each Unitnj 60.96
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Noting that there are 60 SOEC modules in the 100 MW design, the facility component list is
documergdin Table3. This component list is used in conjunction witiedhgonent level leak
frequencies to define the overall facility leak frequency.

Table 3: 100 MW Facility Component Quantity Summary

Components Count
Cylinder (vessel, separator, heat exchat 982
Valve 1,226
Joint(tee, elbow, reducer, expander) 266
Compressor 134
Pump/Blower 190
Pipe length (m) 4,974

There is significant uncertainty in the facility component quantity summary due to the assumptions
and engineering judgement. To address this uncertainty,086+¢omponent count sensitivity
case is evaluated in the system level leak frequency caltolsitiow the effect that the

component quantity has on leak frequemaple4 shows the component counts for these
sensitivity cases.

Table 4: 100 MW Component Quantity for Sensitivity Cases

Components +10% -10%
Cylinder 982 1,080 884

Valve 1,226 1,349 1,103
Joint 266 293 239
Compressor 134 147 121
Pump/Blower 190 209 171
Pipe length (m] 4974 | 5471 | 4476
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2.2. 500 MW Plant Design

The component list for the 500 MW hydrogen generation facility is defined by using the 100 MW
design as a basis. It is assumed that the 500 MW facility will use the same 10 MW blocks as the 100
MW hydrogen generation facility. Theofeithg assumptions were used to develop the component
count for the 500 MW facility.

- General Design Assumptions
o0 Itis assumed that there will be a total of 50 10 MW blocks in the 500 MW design.

0 Itis assumed that the 10 MW blocks will be staekiggth 2n the 500 MW design
To account for this, additional vertical piping, tees, and elbows are added to the
overalicomponent count (see below).

0 After Section 3 in the 100 MW design, the piping from the individual 10 MW blocks
isjoined in a common header, which has been sized to accommodate the flow from
10 total 10 MW blocks. For the 500 MW design, it is assuntbetbatill be 5
parallel sets of piping for these sections, which each accommodate 10 total 10 MW
blocks. This assumption increases the total pipe length for the facility but allows for
the same pipe sizing as the 100 MW design.

o Itis assumed that doviresam of Section 6 (second compression), all of the parallel
piping will combine into an underground common header for transport to the
storage facility. The pipe size will increase to account for the increase in flow due to
the power increase. Becaugeishdownstream of second compression, it will not
affect the component count. However, it will affect the consequence analysis for the
500 MW plant.

- Section 1: SOEC Module to Heat Exchanger
o For a 500 MW facility, there will be 50 10 MW blocks. Tdietmponent count
for this section is 5x the 100 MW design.
A 300 Joints (Tees, elbows, reducers, expanders, etc.)
A 300 Valves
A 50 Heat Exchangers
A Pipe Length: 4,1258 (1,257 m)
- Section 2: Heat Exchanger to Blower
o Inthe 100 MW design, there is a connecttwden the heat exchanger and blower
for each 10 MW block. For the 500 MW facility, there will be 50 10 MW blocks.
The total component count for this section is 5x the 100 MW design.
A 50 Joints
A 50 Valves
A 50 blowers
A Pipelength6, 60086 (2,012 m)
- Section 3Blower to $Stage Compression
o Inthe 100 MW design, there is a connection between the blowestage 1
compression for each 10 MW block. Therefore, the total component count for this
section in the 500 MW facility is 5x the 100 MW design
A 50 Joints
A 50 Valves
A 50 Separation Vessels
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A 50 Compressors
Section 3: Stacked 10 MW blocks
o To save space in tlager facility designs, it is assumed that the 10 MW blocks will
be stacked 2 high. This will introduce the need for additional tees and elbows to
connect the stacked modules to the common headers. Additionally, it is assumed that
t her e wi lrtlcal gipe to todri@ct thef vertically stacked blocks downstream
of Section 3 to®1stage compression.
A 50 Joints (25 tees and 25 elbows)
A Pipe length: 106/ stack * 25 stacks =
Section 4:*1Stage Compression to Drying/Purification
o Inthe 100 MWdlesign, all 10 MW blocks are combined into a single header for this
section. As stated previously, it is assumed there will be 5 parallel sets of headers for
the 500 MW design. Therefore, the total component count for this section in the
500 MW facilitys 5x the 100 MW design.
A 5Joins
A 5Valves
A 5Vessd
A Pipe Length: 3,6858 (1,123 m)
Section 5: Purification t&'Stage Compression
0 As in Section 4, the component count for the 500 MW facility is BXOthMW

design.
A 20Joints
A 20Valve
A 20Compressors
A 5Vessel
A Pipe Length: 1,2658 (386 m)

Section 6: Downstream df Stage Compression
o0 The component count for the 500 MW facility is 5x the 100 MW design for this
section as well.
A 5Valve
A 5Joint
A Pipe Length: 9656 (294 m)

0 SOEC Module Component Lighere are 6 SOEC modules in each 10 MW block.
For the 500 MW design, there will be a total of 300 individual SOEC modules. The
total component contribution from the SOEC modules for the 500 MW design is
documented below.

A 4,800 Cylinders

5,700 Valves

900Joints

600 Compressors

900 pumps/blowers

Pi pe Length: 60, 00006 (18,288 m)

> > > > >
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Table5 documents the total component count of the 500 MW d&kigrcomponent list is es

in conjunction with the component level leak frequencies to define the overall facility leak
frequency.

Table 5: 500 MW Facility Component Quantity Summary

Components Count

Cylinder (vessel, separator, bgahanger) 4,910

Valve 6,130

Joint (tee, elbow, reducer, expander 1,380
Compressor 670
Pump/Blower 950

Pipe length (m) 24,945

There is significant uncertainty in the facility component quantity summary due to the assumptions
and engineering judgement. To address this uncertainty,086+¢omponent count sensitivity
case is evaluated in the system level leak frequency cal¢alabiow the effect that the

component quantity has on leak frequélratyle6 shows the component counts for these
sensitivity cases.

Table 6: 500 MW Component Quantity for Sensitivity Cases

Components +10% -10%
Cylinder 4910 5401 4419
Valve 6,130 6,743 5,517
Joint 1,380 1518 1,242
Compressor 670 737 603
Pump/Blower 950 1045 855
Pipe length (m] 24,945 | 27,439 | 22,450
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2.3. 1,000 MW Plant Design

The same assumptions from the 500 MW design are used to define the component list for the 1,000
MW design. There are a total of 100 10 MW blocks in the 1,000 MW design. The blocks are
assumed to be stackeHigh. Also, it is assumed that there will hgaidllel sets of piping

downstream of Section 3. Where in the 500 MW design assumptions the component count of the
100 MW facility was multiplied by 5, in the 1,000 MW design it is multiplie@idiyel.

documents the total component count of the 1,000 MW design. This component list is used in
conjunction with the component level leak frequencies to define the overall facility leak frequency.

Table 7: 1,000 MW Facility Component Quantity Summary

Components Count

Cylinder (vessel, separator, heat exchat 9,820
Valve 12260

Joint (tee, elbow, reducer, expander 2,760
Compressor 1,340
Pump/Blower 1,900

Pipe length (m) 49890

There is significant uncertainty in the facility component quantity summary due to the assumptions
and engineering judgement. To address this uncertaintyl,08+omponent count sensitivity

case is evaluated in the system level leak frequency cal¢alatiow the effect that the

component quantity has on leak frequéralyle8 shows the component counts for these

sensitivity cases.

Table 8: 1,000 MW Component Quantity for Sensitivity Cases

Components +10% -10%
Cylinder 9820 | 10802 | 8838
Valve 12260 | 13486 | 11034
Joint 2,760 3,036 2,484

Compressor | 1,340 1474 1,206
Pump/Blower | 1900 2,090 1,710
Pipe length (m] 49890 | 54879 | 44901
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3. LEAK FREQUENCY

To quantify the risk oflaakin a hydrogen generation facilitys necessary to establish the types of
accidents that can occur. To do this, component leakage frequencies representative of hydrogen
components must be documented as a function of the normalized |&albserpuently, the

system characteristics (e.g., system pressure) will be used to calculate the consequence of the
accidentA Bayesian statistical method was used in the previgssdoalocument the

component level leak frequefidyNote, the types of leaks that are represented by these
frequencies correspond to random failures and material degradation. These frequencies are not
associated with acciterweather, natural disasters, or human ératig9 showshe component

leak frequency values for the different normalized leak@izdélse previous analydiote, the

leak fraction shown in the table is the ratio of the leak area to the total flow area oAthe pipe.
shown, no hydrogen specific data is available for the pumps. Therefore, these components do not
have hydrogen specific leak frequency valdeéseageneric leak frequencies are used in this
analysis.

Table 9: Hydrogen Component Leak Frequencies (yr?)

Component Leak Generic Leak Frequencies Hydrogen Leak Frequencies
Fraction | nean 5th | Median | 95th | Mean | 5th | Median | 95th
0.0001 | 6.0E+00| 2.5E01 | 2.2E+00| 1.9E+01| 1.0E01 | 5.9E02 | 1.0E01 | 1.6E01
0.001 | 1.8601 | 2.1E02 | 1.1E01 | 5.4E01 | 1.9E02 | 6.8E03 | 1.7E02 | 3.8E02
Compressor  0.01 | 9.2E03 | 1.0E03 | 5.2E03 | 2.7E02 | 6.3E03 | 1.2E03 | 4.6E03 | 1.7E02
0.1 3.4E04 | 8.2E05 | 2.6E04 | 8.0E04 | 2.0E04 | 4.6E05 | 1.5E04 | 4.9E04
1 3.3E05 | 1.7E06 | 1.2E05 | 9.3E05 | 3.2E05 | 2.0E06 | 1.5E05 | 1.0E04
0.0001 | 1.5E+00| 6.6E02 | 6.6E01 | 5.3E+00| 1.6E06 | 3.5E07 | 1.4E06 | 3.4E06
0.001 | 3.4E02 | 3.4E03 | 2.0E02 | 1.0E01 | 1.3E06 | 3.7E07 | 1.2E06 | 2.8E06
Cylinder 0.01 | 8.4E04 | 1.6E04 | 6.4E04 | 2.1E03 | 9.0E07 | 2.6E07 | 7.9E07 | 1.9E06
0.1 2.5E05 | 6.6E06 | 1.9E05 | 5.9E05 | 5.2E07 | 1.6E07 | 4.5E07 | 1.1E06
1 7.6E07 | 1.9E07 | 6.1E07 | 1.8E06 | 2.7E07 | 8.1E08 | 2.3E07 | 6.0E07
0.0001 | 2.8E+01| 1.6E+00| 1.3E+01| 9.4E+01| 6.1E04 | 2.9E04 | 5.8504 | 1.0E03
0.001 | 2.2E+00| 2.9E01 | 1.4E+00| 6.4E+00| 2.2E04 | 6.6E05 | 2.0E04 | 4.5E04
Hose 0.01 | 2.1E01 | 43602 | 1.6601 | 5.2E01 | 1.8£04 | 5.3E05| 1.6E04 | 3.8E04
0.1 2.2E02 | 6.0E03 | 1.7E02 | 5.3E02 | 1.7E04 | 5.1E05 | 1.5E04 | 3.4E04
1 5.6603 | 1.9E04 | 2.0E03 | 1.8E02 | 8.2E05 | 9.6E06 | 6.2E05 | 2.2E04
0.0001 | 1.3E+00| 7.0E02 | 5.3E01 | 4.6E+00| 3.6E05 | 2.3E05| 3.5E05 | 5.1E05
Joint 0.001 | 1.7E01 | 2.1E02 | 1.0E01 | 5.2E01 | 5.4E06 | 8.4E07 | 4.7E06 | 1.2E05
0.01 | 3.3602 | 4.2E03 | 1.8602 | 9.3E02 | 8.5E06 | 2.9E06 | 7.9E06 | 1.6E05
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Leak Generic Leak Frequencies Hydrogen Leak Frequencies
CompenE! Fraction i i
Mean 5th Median | 95th Mean 5th Median | 95th
0.1 4.1E03 | 1.3E03 | 3.5E03 | 8.6E03 | 8.3E06 | 2.4E06 | 7.5E06 | 1.7E05
1 8.2E04 | 2.3E04 | 6.3E04 | 1.9E03 | 7.2E06 | 1.8E06 | 6.4E06 | 1.5E05
0.0001 | 59804 | 7.1E05 | 3.6E04 | 1.8E03 | 9.5E06 | 2.1E06 | 8.0E06 | 2.2E05
0.001 | 8.6E05 | 1.7E05 | 6.2E05 | 2.2E04 | 4.5E06 | 1.1E06 | 3.7E06 | 1.1E05
Pipe 0.01 | 3.5E05| 9.1E07 | 1.1E05 | 1.3E04 | 1.7E06 | 9.9E08 | 9.6E07 | 5.9E06
0.1 47606 | 2.3E07 | 1.906 | 1.6E05 | 8.4E07 | 5.8E08 | 4.6E07 | 2.9E06
1 3.7606 | 1.0E08 | 3.2E07 | 1.0E05 | 5.3E07 | 5.5E09 | 1.5E07 | 2.3E06
0.0001 | 3.9802 | 2.4E03 | 1.8E02 | 1.3E01 NA NA NA NA
0.001 | 6.5E03 | 8.5E04 | 4.2E03 | 1.9E02 NA NA NA NA
Pump 0.01 2.5E03 | 9.9E05 | 9.5E04 | 8.3E03 NA NA NA NA
0.1 2.8604 | 7.2E05 | 2.1E04 | 6.7E04 | NA NA NA NA
1 1.2E04 | 5.4E06 | 4.9E05 | 4.1E04 NA NA NA NA
0.0001 | 2.0E02 | 2.2E03 | 1.2E02 | 6.4E02 | 2.9E03 | 1.9E03 | 2.9E03 | 4.2E03
0.001 | 2.8603 | 5.004 | 1.9E03 | 7.5E03 | 6.3E04 | 2.7E04 | 5904 | 1.1E03
Valve 0.01 | 1.2E03 | 2.6E05 | 3.1E04 | 4.0E03 | 8.5E05| 6.6E06 | 5.4E05 | 2.7E04
0.1 6.4605 | 1.8605 | 5.3E05 | 1.5E04 | 3.0E05 | 8.7E06 | 2.5E05 | 6.7E05
1 2.6E05 | 8.3E07 | 8.5E06 | 9.1E05 | 1.1E05 | 4.7E07 | 4.8606 | 4.2E05
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Hydrogen generation system leak frequencies were estimated via sampling. The leak frequency
distributions for each component and leak size were sampled many times (N = 5e6). Each sample
was then multiplied by the corresponding count of that componeint tiypdydrogen generation

system to get systemde component leak frequencies. This assumes that all components of a single
type (e.g., valves) have the same leak frequencies within a single sample realizatiorwitlee system
component leak frequenciesre then added within each leak size bin to get the overall system leak
frequency. For example, the frequency for 1% leaks for the hydrogen generation system is the sum
of the 1% leak frequencies for all compressors, cylinders, joints, pipes, pumpssand v

This calculation can be summarized as follows. For a fixed componént type,

6¢&ani QmMioaidthROTd QRO o fida v latib be the number of components of
that type in the system. [@; i denote thé&h sampled leak frequency for leaks of size

nét p P Hp Hp 1 Bp 1 1 or componentd Then the system leak frequef@y, |, for the
single realizatioifis:

g "ol

A

Q wi Faba

Samplestatistics (5percentile, median, mean, arfti@scentile) summarizing the system leak
frequency were calculated from the 5e6 samp@s of , i for each leak bin. This sample size
proved more than sufficient for stable estimates ofdtagsgics.

3.1. 100 MW Plant Design

Table3 defines the total number of components ill@@&MWhydrogen generation faciliwhich
corresponds directly to the leak frequencies listedblieS. TablelOshowshe total system
frequency as a function of break size. Note, that the median leak frequetas/tivatieavery
small leak size (normalized leak area of 0.0001) is fairly conifherpected occurrences/yr
However, a full rupture (normalized leak area of 1) is expected tessctha times every 100
years.

Table 10: 100 MW Hydrogen Facility System Frequency (yr?)

HTEF System Frequency
Leak Size
Mean 5th Median 95th
0.0001 | 1.80E+01| 1.19E+01| 1.74E+01| 2.61E+01
0.001 3.50E+00| 1.72E+00| 3.18E+00| 6.34E+00
0.01 1.09E+00| 3.23E01 | 8.43E01 | 2.64E+00
0.1 1.57E01 | 8.60E02 | 1.48E01 | 2.58E01
1 8.57E02 | 3.11E02 | 7.23E02 | 1.83E01
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For the sensitivity case in which there is +10% more compdradiéd,1 shows the resulting
system frequency. As expected, the leak frequency increases ddditionhé@mponent$he

median leak frequency indicates that a very small leak size wouttOdeoes a year, while a full
rupture is expected to ocet8 times every 100 years.

Table 11: 100 MW Sensitivity Case (+10%) System Frequency (yr?)

Leak Size HTEF System Frequency
Mean 5th Median 95th
0.0001 | 1.97E+01| 1.31E+01| 1.91E+01| 2.86E+01
0.001 | 3.84E+00| 1.89E+00| 3.50E+00| 6.96E+00
0.01 | 1.19E+00| 3.55E01 | 9.26E01 | 2.90E+00
0.1 1.73E01 | 9.46E02 | 1.63E01 | 2.84E01
1 9.44E02 | 3.43E02 | 7.95E02 | 2.01E01

For the sensitivity case in which ther#0%o less componenigblel2shows the resulting system
frequency. The leak frequgniecreases due to there being less components. The median leak

frequency indicates that a very small leak size would d&tiares a year, while a full rupture is
expected to occu7 times every 100 years.

Table 12: 100 MW Sensitivity Case (-10%) System Frequency (yr?)

Leak Size HTEF System Frequency
Mean 5th Median 95th
0.0001 | 1.62E+01| 1.07E+01| 1.57E+01| 2.35E+01
0.001 | 3.16E+00| 1.56E+00| 2.87E+00| 5.72E+00
001 | 9.79E01 | 2.91E01 | 7.61E01 | 2.39E+00
0.1 1.41E01 | 7.74E02 | 1.33E01 | 2.32E01
1 7.71E02 | 2.80E02 | 6.50E02 | 1.64E01
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3.2. 500 MW Plant Design

Tablel3showshe total system frequency of the 500 MW design as a function of break size. Note,
that the median leak frequency indicates that a very small leak size (normalized leak area of 0.0001)
expected to occur more frequently than the 100 MW @alsngpist 2 occurrences/wégekowever,

a full rupture (normalized leak area of 1) is expected to occur ~43 times every 100 years.

Table 13: 500 MW Hydrogen Facility System Frequency (yr?)

HTEF System Frequency
Leak Size
Mean 5th Median 95th
0.0001 | 8.98E+01| 5.95E+01| 8.68E+01| 1.30E+02
0.001 1.75E+01| 8.63E+00| 1.59E+01| 3.17E+01
0.01 5.43E+00| 1.62E+00| 4.23E+00| 1.32E+01
0.1 7.94E01 | 4.35E01 | 7.48E01 | 1.31E+00
1 4.34E01 | 1.57E01 | 3.66E01 | 9.27E01

For the sensitivity case in which there is +10% more compdraiied4 shows the resulting
system frequency. The median leak frequency indicates that a very small leak size wasuld occur ~
times a year, while a full rupture is expected to o48uimes every00 years.

Table 14: 500 MW Sensitivity Case (+10%) System Frequency (yr™?)

Leak Size HTEF System Frequency
Mean 5th Median 95th
0.0001 | 9.88E+01| 6.54E+01| 9.55E+01| 1.43E+02
0.001 | 1.93E+01| 9.50E+00| 1.75E+01| 3.49E+01
0.01 | 5.98E+00| 1.78E+00| 4.65E+00| 1.45E+01
0.1 8.73E01 | 4.79E01 | 8.23E01 | 1.44E+00
1 4.78E01 | 1.73E01 | 4.02E01 | 1.02E+00
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For the sensitivity case in which ther&0%o less componenisgblel5shows the resulting system
frequency. The median leak frequency indicates that a very small leak size woBddiomsia~
year, while a full rupture is expected to ocgftimes everydD years.

Table 15: 500 MW Sensitivity Case (-10%) System Frequency (yr?)
Leak Size HTEF System Frequency

Mean 5th Median 95th

0.0001 | 8.08E+01| 5.35E+01| 7.82E+01| 1.17E+02

0.001 | 1.58E+01| 7.77E+00| 1.43E+01| 2.86E+01

0.01 4.89E+00| 1.46E+00| 3.80E+00| 1.19E+01

0.1 7.15E01 | 3.92E01 | 6.73E01 | 1.18E+00
1 3.91E01 | 1.42E01 | 3.29E01 | 8.34E01
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3.3. 1,000 MW Plant Design

Tablel6showshe total system frequency of the 1,000 MW design as a function of break size.
Note, that the median leak frequency indicates that a very small leak size (normalized leak area of
0.000) isexpected to occur more frequently than the 100 MW @esigarly once every two

day3. However, a full rupture (normalized leak area of 1) is expected to occur ~87 times every 100
years.

Table 16: 1,000 MW Hydrogen Facility System Frequency (yr?)

HTEF System Frequency
Leak Size
Mean 5th Median 95th
0.0001 | 1.80E+02| 1.19E+02| 1.74E+02| 2.61E+02
0.001 | 3.50E+01| 1.73E+01| 3.19E+01| 6.35E+01
0.01 1.09E+01| 3.24E+00| 8.45E+00| 2.65E+01
0.1 1.59E+00| 8.71E01 | 1.50E+00| 2.62E+00
1 8.69E01 | 3.15E01 | 7.32E01 | 1.85E+00

For the sensitivity case in which there is +10% more compdradiéd,7 shows the resulting
system frequency. The medianfiegjuency indicates that a very small leak size would occur ~198
times a year, while a full rupture is expected to occur ~96 times every 100 years.

Table 17: 1,000 MW Sensitivity Case (+10%) System Frequency (yr)

Leak Size HTEF System Frequency
Mean 5th Median 95th
0.0001 | 1.98E+02| 1.31E+02| 1.91E+02| 2.87E+02
0.001 | 3.85E+01| 1.90E+01| 3.51E+01| 6.98E+01
0.01 | 1.20E+01| 3.57E+00| 9.30E+00| 2.91E+01
0.1 1.75E+00| 9.58E01 | 1.65E+00| 2.88E+00
1 9.56E01 | 3.47E01 | 8.05E01 | 2.04E+00
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For the sensitivity case in which ther#0%o less componenisgblel8shows the resulting system
frequency. The median leak frequency indicates that a very small leak size would occur ~162 times a
year, while a full rupture is expected to occur ~78 timed 60grgars.

Table 18: 1,000 MW Sensitivity Case (-10%) System Frequency (yr?)

Leak Size HTEF System Frequency
Mean 5th Median 95th
0.0001 | 1.62E+02| 1.07E+02| 1.56E+02| 2.35E+02
0.001 | 3.15E+01| 1.56E+01| 2.87E+01| 5.71E+01
0.01 | 9.79E+00| 2.92E+00| 7.61E+00| 2.38E+01
0.1 1.43E+00| 7.84E01 | 1.35E+00| 2.36E+00
1 7.82E01 | 2.84E01 | 6.58E01 | 1.67E+00
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4. TARGET FRAGILITY

The fragility of a component at an NPP defines the hazard condition at which the component may
fail to perform its specified functicfiPPs must show that the operation of a hydrogen generation
facility is safe and does not pose a significant threahtghtensequence NPP facilities and
structuresTarget fragilities are calculated for two hazards: detonation overpressure and fire heat
flux.

4.1. Detonation Overpressure Fragility

Previously, the critical structures outside of the reactor building acartesponding

overpressure fragility have been iden{Bied able19shows the blast overpressure fragilities of

these critical structures. These effective pressures will be used in the consequence analysis herein to
define distances from the leak at whiebdhevels are reached.

Table 19: Blast Overpressure Fragilities of Critical Structures

Critical Effective Total Fragility

Structure Pressure (Wind and
(psi) Missiles)

All Category | | 0.59 0

Structures
0.97 4.00E04
1.49 4.60E03
2.16 4.00E02

Storage Tanks | 0.59 2.10E03

(CST, RWST,

etc.) 0.97 2.80E03
1.49 1.60E02
2.16 5.40E02

Circulating 0.1 8.00E04

Water/Service

Water Pump 0.2 5.80E02

Area in Pump

House 0.28 1.50E01
0.59 5.20E01
0.97 9.40E01
1.49 1.00E+00
2.16 1.00E+00
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Critical Effective Total Fragility
Structure Pressure (Wind and
(psi) Missiles)
Switchyard, 0.32 3.78E01
General
0.48 9.74E01
0.71 1.00E+00
Transmission | 0.1 0.00E+00
Tower
0.16 0.00E+00
0.2 8.00E01
0.32 9.18E01
0.48 1.00E+00
0.71 1.00E+00
Standby 0.32 1.99E01
Auxiliary
Transformer 0.48 2.68E01
0.71 3.11E01
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For the consequences evaluated herein, the distance fieakahe/hich each discrete
overpressure valrem Tablel9is reached is reported for input into thebptmlistic risk
assessment (PRA) modBable20documents the discrete values evaluated in this report.
Additionally, the general overpressure fragility valuesbfldgomented in Regulatory Guide 1.91
was evaluatdd].

Table 20: Discrete Fragility Overpressure Values

Effective

Pressure
psi kPa
0.1 0.69
0.16 1.1
0.2 1.38
0.28 1.93
0.32 2.21
0.48 3.31
0.59 4.07
0.71 4.9
0.97 6.69
1.0 6.90
1.49 10.27
1.50 10.34
2.16 14.89
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4.2. Radiative Heat Flux

In addition to the overpressure consequence, the thermal radiatianefrdine event was

guantified for the different leak scenarios. The thermal radiation contour levels used to define
distances from the accident were based on industry values used in risk and saffiy drtedgses
values, and their definitions, are documented below.

(0]

(0]

37.5 kw/m2
A Sufficient to cause damage to process equipment
25 kw/m2
A Minimum energy required to ignite wood at indefinitely long exposure
12.5 kw/m2
A Minimum energy required for piloted ignition of wood naelting of plastic
tubing. This value is typically used as a fatality number
9.5 kw/m2
A Sufficient to cause pain in 8 seconds and 2nd degree burns in 20 seconds
5 kw/m2
A Sufficient to cause pain in 20 seconds. 2nd degree burns are possible. 0
percent fatdly. This value is often used as an injury threshold
1.6 kw/m2
A Discomfort for long exposures

32



5. CONSEQUENCE EVALUATION METHODOLOGY

The consequence of an accident ifnyloeogen generati facilityis an important parameter in the
overall risk assessmekteak in the system could release an unconfinegrbggure hydrogen jet

with the potential to damage surrounding struciiniedlammable jet released from the leak could
result in a detonation, which would expose nearby targets to damaging oveddmesseredue

to the strong concentration gradients in the hydrogen jet, the detonable region of the cloud is
reduced when compared to the total amount of fuel within the flammabilitip eaogations are
inherently unstable and depend on critical diamsnand the concentration gradient of the

hydrogen jet, which determine if a propagating detonation wave can be stlippditeits of the
hydrogen concentration in the jet to support detonation reduce the portion of the flammable cloud
that is availablas fuelThe overpressure released through detonation of the large cloud can be
calculated from the detonable region, which is compared to the target fragility criteria to determine if
critical damage occy6. In addition to an overpressure event, the hydrogen plume may ignite and
resultin a jet flame. In this case, the thermal radiation from the flame is the metric of concern in
terms of consequence of the accidéaite that this analysis does not accourdssible natural

and marmade barriers between the detonation area and the targets (i.e., the facility walls were not
credited to reduce the overpressure at the critical NPP targets).

HyRAM+ Version 5.0 was used to perform the consequence quantfiicatierieak scenarios at

a hydrogen generation facility near an NPP. The HyRAM+ software toolkit integrates data and
methods relevant to assessing the safety of the delivery, storage, and use of hydrogen and other
alternative fuels. It incorporates expentally validated models of various aspects of release and
flame behavioil he technical reference manual details the methodology and equations that are used
to evaluate overpressure and heat flux as a result of a hydrogdii|rdleagghysics models

utilized in this evaluation are listed below:

- For our base case evaluation of overpressure as a result of detonation of a hydrogen plume
resulting from a leak in the hydrogen generation facility, the Bauwens method for
unconfired overpressure was utilized. In this method, the detonable mass within the
unconfined hydrogen plume is calculated and then the overpressure is based on detonation
of that mass of fugr].

- An additional sensitivity evaluatfor the overpressuamalysisvas performed using the
Trinitrotoluene (TNTequivalence method. This method is based on finding the mass of
TNT that contains the same energy as the fuel being conjblsted

- The radiative he#ux from an ignited hydrogen plume is calculated in HyRAM+ by using a
weighted, muksource modgV].
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6. CONSEQUENCE ASSESSMENT

In order toperform the consequence assessment, the conceptual design of the hydrogen generation
facility was reviewed to define the key accident impact scenarios. Next, the system properties for
each of the scenariosnedefined The metrics of interest, overgrge and radiative heat flux,

were then evaluated as a function of distance from the accident source to determine the extent of
impact. All results are reported as the nearest whole meter that does not exceed the parameter of
interest.

6.1.

The accident impact scenarios are defined by the different sections outlined in the Sargent & Lundy
conceptual design of the 100 MW hydrogen generation [cilitiiere are six sections in the

conceptual design theve unique system paramef@esgure, temperature, etc.). A scenario was
evaluated for each of these different sections to capture the full range of system parameters that are
present in the facilitylable21 outlines the different scenarios and corresponding system

parameters. Note, that for each scenario, the composition of the gas was assumed to be 100%
hydrogen. Also, for the scenarios that did not result in a choked flow condition from the leak
(Scenar® 1, 2, and 3), the mass flowrate was used to define the hydrogeSgutiore4 and 5

have the same system parameters, only the hydrogen percentage is different. Therefore, only a
single evaluation was performed for these sedti@se accident imgascenarios are applicable to

the 500 MW and 1,000 MW designs as well, due to the assumptions made in the facility component
list definition (see Sect&gh2and2.3.

Table 21: Accident Impact Scenarios and System Parameters

Accident Impact Scenarios

Scenario| Description System Parameters Pipe size | Pipe ID

# Pressure Temp w (Ib/s) (ScH40)) ()
(psig) (F)

1 Module 0.4 356 0.031 15 1.61
2 Heat Exchanger 0.4 140 0.183 3 3.068
3 Blower 5 140 0.183 3 3.068
4 1st Compression 300 140 1.833 4 4.05
5 Purification 300 140 1.833 4 4.05
6 2nd Compressior 1500 140 1.833 3 3.068
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As noted in Sectidh2and2.3 it is assumetthat the parallel piping in the 500 MW and 1,000 MW

designs join in a common header downstreafficdr@ipression. This line will then connect to a

hydrogen storage facility that is assumed to have 1,000 kg of hydrogen storage. The storage facility is
not co-located with the hydrogen generation facility. Accident impact scenarios are defined to
evaluate the consequence of an overpressure event from the common headers and storage facility.

The common header downstream"dt@mpression is assumed to beéeuground and be

encompassed by concrete piping. Therefore, there is mitigation to blast effects and radiative heat
flux should a leak occur. Additionally, the confined space around the header would prevent the
formation of a hydrogen plume. Howeverutinaitigated/unobstructeal/erpressure of a

detonation event is evaluated herein to identify the potential impact of a leak from the common
header and inform mitigation strategy. To perform this evaluation, the size of the common header is
estimated basenh the total expected flowrate for the 500 MW and 1,000 MW designs. The
recommended range of flow velocity for gases in piping systems is between 10 48f Jhen/s
minimum pipe sizeecessary to accommodate the totalil@stimated using a flow velocity of 30

m/s, the mass balance equation (assuming incompressible flow), and the flowrates and properties
defined for Section 6 in the 100 MW conceptual d@$ign

Om
Where:
is the masBow rate
For 500 MW, 9651b/s (5x the flowrate defined in the 100 MW de$&jn)
For 1,000 MW18.33b/s (10x the flowrate defined in the 100 MW degzjn)

mis thedensity ohydrogen at 140 °F and 1,514.7, ps#85Ib/ft * (calculated in
HyRAM+)

Ois the flow velocity, 30 m[8]

I is the crossectional area of the pipe, which is calculated for the 500 MW and 1,000 MW
designs
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Theresulting minimum pipe diameter of the header for the 500 MW and 1,000 MW designs are 6.

8. 7
(1D

and
pi pe

i nches
steel

i nches,
7.9816)

respectivel y.
a n[9 ardduBedl fo defire ithe ecbmos t e e |

To

header accident impact scenarios for the 500 MW and 1,000 MW designs, re3jpdit21y.
shows the accideimpact scenarios evaluated to address the common header for the 500 MW and

1,000 MW designs.

Table 22: Accident Impact Scenarios and System Parameters for Common Headers

accom

Scenario| Description System Parameters Pipe size | Pipe ID
# Pressure Temp w (Ib/s) (SCH 40) (i)
(psig) (F)
7 500 MW 1500 140 9.165 8 7.981
Common Headel
8 1,000 MW 1500 140 18.33 10 10.020
Common Headel

To address the consequence of a leak at the hydrogen storage facility, an accident impact scenario
for a leak from a hydrogen storage tank is evaluated. It is assumed that the storage of 1,000 kg of
hydrogen at the facility will be accomplished througls¢hef several transportable hydrogen
storage tanks. A surveycommercially available hydrogen storage tanks yielded a 994 L, 23.9 kg
hydrogen storage tank at 35 MR@&7@psi) and 15 °C (59 {ED] It is assumed that terage
facility will use 42 of these tanks to store the 1,000 kg of hyditugeize of the leak from one of
the storage tanks is defined by the orifice diameter of the pressure relief device (PRD) installed on
the tank.PRDs are installed on higressure hydrogen systems as the main mitigation safeguard to
prevent catastrophic failure. For hydrogen storage up to 95 MPa, a PRD with an orifice diameter of
0.25 inches has been shown to be effective in performing its venting fublctitverefore, it is
assumed that the leak diameter for the hydrogen storage accident impact scenario is 0.25 inches.

Table 23: Accident Impact Scenarios and System Parameters for Storage Tank

Scenario Description System Parameters Leak
# Diameter
Pressure Temp w (Ib/s) (in)
(psig) (F)
9 Hydrogen Storag 5,076 59 N/A 0.25
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Fulkbore leaks were analyzed for each of the different scenarios as the bounding consequence in a
given section. F&cenariod, 5,6, 7, and @artial leaks were also analyzed. The partial break sizes
that were analyzed were 10% of leak area andd&k afea, which correspond to the leak

frequency categories (see Se8jidrable24documents the leak diameter calculations for the

partial break scenarios.

Table 24: Leak Diameter for Partial Break Scenarios
Relative 3.068" Pipe ID 4.029"Pipe ID 7.981" Pipe 10.020" Pipe

Leak Area ID ID
D A D A D A D A
1| 3.07 7.39| 4.03 12.74) 7.98| 50.00] 10.02| 78.81
0.1, 0.97 0.74| 1.27 1.27| 2.52 5.00 3.17 7.88

0.01] 0.31 0.074, 0.40 0.13] 0.80f 0.50| 1.00f 0.79
0.001] 0.10 0.0074 0.13 0.013 0.25] 0.05] 0.32| 0.08
0.0001 0.03| 0.00074 0.04] 0.0013 0.08, 0.005f 0.10{ 0.008

6.2. Overpressure

This section documents the results of the overpressure consequence analysis for the scenarios
outlined in Sectio®.1 As stated previously, the Bauwens methodmagjculated unconfined
overpressureas utilized to perform the base case simulations. Additionally, the TNT equivalence
method was evaluatasl a sensitivity to address uncertainty in the calculation methodology. See the
HyRAM+ technical reference manual for more detail on these [Apdeceability figures for

the calculations performed in HyRAM+ are includégppendix A.
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6.2.1. Scenario 1,

Due to the system parameters for Scenarios 1, 2, & 3, the leak flow is unchoked. For these cases,
the mass flowrate was used in HyRAM+ to dictate the resulting hydrogen plume. Because none of
the fultbore leak scenasioesulted in appreciable overpressure at distance, no partial breaks were
evaluated for these caSeshle25shows the distance at which the overpressure geffrenatdue

detonation did not exceed the discrete fragility overpressure values. As shown, Scenario 3 is the
limiting scenario in this set. The overpressure in this scenario is less than 0.1 psi at a distance of 30

2&3

meters from the accident location.

Table 25: Scenario 1, 2, & 3 Overpressure Results

Overpressure

Effective Sc_enario 1 Sc_enario 2 Sc_enario 3

Pressure Distance Distance Distance
osi | kPa (m) (m) (m)
0.1 | 0.69 9 26 29
0.16| 1.1 6 19 21
0.2 1.38 6 16 18
0.28| 1.93 5 13 15
032 221 5 12 14
048 | 331 4 10 11
0.59| 4.07 3 9 10
0.71| 4.9 3 8 9
0.97| 6.69 3 7 8

1 6.90 3 7 8
1.49| 10.27 3 6 6
1.5 | 10.34 3 6 6
2.16 | 14.89 2 5 6
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Figure3 shows the overpressure as a function of distance from the leak |écasioown, the
overpressure drops below 1 psi less than 10 meters from the leak location for each of the scenarios.

Scenario 1,2, &3

Scenario 2 Scenario 3

Scenario 1

10

Overpressure (psi)
L

0 2 - 6 8 10 12 14 16 18 20

Distance from Leak (m)

Figure 3: Scenario 1, 2, & 3 Overpressure Results
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6.2.2. Scenario 4 &5

As discussed previously, the system parameters for Sc&araoe identical, so a single case was
evaluated to cover both scenarios. However, for these scenarios, 10% and 1% area partial break
cases were also evaluafeable26shows the distance at which the overpressure generated from

the detonation did not exceed the discrete fragility overpressure values. As shown, the overpressure
drops below 1 psi at 34 meters for theblole break case. The partial break chgestlsat

overpressure is reduced considerably as the leak size is reduced.

Table 26: Scenario 4 & 5 Overpressure Results

Scenario 4 & 5: Overpressure
Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa

0.1 | 0.69 140 37 9
0.16| 1.1 102 27 6

0.2 1.38 88 23 6
0.28| 1.93 71 19 5
0.32] 2.21 65 18 4
0.48| 3.31 51 14 4
0.59| 4.07 45 12 3
0.71 4.9 41 11 3
0.97| 6.69 34 10 3

1 6.90 34 10 3
1.49| 10.27 28 8 2

15| 10.34 28 8 2
2.16 | 14.89 24 7 2
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Figure4 shows the overpressure as a function of distance from the leak location. As shown, the
overpressure drops below lipsess than 10 meters for both of the partial breaks analyzed. The
full-bore scenario drops below 1 psi at 34 meters from the leak location.

Scenario 4 & 5: Downstream of 1st Compression and Purification
—100% ——10% 1%

10

Overpressure (psi)
L

0 10 20 30 40 50 60 70 80 90 100

Distance from Leak (m)

Figure 4: Scenario 4 & 5 Overpressure Results

41



6.2.3. Scenario 6

The system parameters for Scenario 6 represent the limiting conditions in terms of consequence in
the100 MWhydrogen generation facility. For this scenario, 10% and 1% area partial break cases
were also evaluateBable27 shows the distance at which the overpreggenerated from the

detonation did not exceed the discrete fragility overpressure values. As shown, the overpressure
drops below 1 psi at 61 meters for theblole break case. Similar to Scenario 4 & 5, the partial

break cases show that overpressuezluced considerably as the leak size is reduced.

Table 27: Scenario 6 Overpressure Results

Scenario 6: Overpressure
Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa

0.1 | 0.69 258 72 17
0.16| 1.1 187 52 13
0.2 1.38 161 45 11
0.28| 1.93 129 36 9
0.32| 221 118 33 9
0.48| 3.31 92 26 7
0.59| 4.07 81 23 6
0.71 4.9 73 21 6
0.97| 6.69 62 18 5

1 6.90 61 18 5
1.49| 10.27 49 15 4

15| 10.34 49 14 4
2.16 | 14.89 42 12 4
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Figure4 shows the overpressure as a function of distance from the leak location. As shown, the
overpressure drops below 1 psi less than 20 meters for both didhbrpaks analyzed. The-full
bore scenario drops below 1 psi at 61 meters from the leak location.

Scenario 6: Downstream of 2nd Compression
—100% —— 10% 1%

10

Overpressure (psi)
[a=] w =Y L (=] ~J oo o

[y

0 10 20 30 40 50 60 70 80 90 100

Distance from Leak (m)

Figure 5: Scenario 6 Overpressure Results

43



6.2.4. Scenario 7

The system parameters for Sceaaie evaluated to inform the necessity for appropriate

mitigation strategies for the 500 MW plant if a common header is used to transport the hydrogen to
a storage facilityzor this scenario, 10% and 1% area partial break cases were also dadiligated.
28shows the distance at which the overpressure generated from the detonation did not exceed the
discrete fragility overpressure values. As shown, the overpregsupeldw 1 psi &68meters

for the fultbore break case. Similatite other scenariothe partial break cases show that

overpressure is reduced considerably as the leak size is reduced.

Table 28: Scenario 7 Overpressure Results

Scenario7: Overpressure
Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.1 | 0.69 734 210 57
0.16| 1.1 530 153 42
0.2 | 1.38 456 131 36
0.28| 1.93 365 105 29
0.32| 221 334 97 27
0.48| 3.31 259 75 21
0.59| 4.07 228 67 19
0.71| 4.9 204 60 17
0.97| 6.69 171 50 14

1 6.90 168 50 14
1.49| 10.27 136 40 12
15| 10.34 136 40 12
2.16 | 14.89 114 34 10
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Figure6 shows the overpressure as a function of distance from the leak location. As shown, the
overpressure drops below 1 psi less than 50 meters for both of the partial breaks analyzed. The full
bore scenario drops below 1 psi at 168 meters from the leak location.

Scenario 7: 500 MW Common Header

—100% -——10% 1%

10

Overpressure (psi)
[a=] w =Y L (=] ~J oo o

[y

0 50 100 150 200 250 300

Distance from Leak (m)

Figure 6: Scenario 7 Overpressure Results
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6.2.5. Scenario 8

The system parameters for Scenario 8 are evaluated to inform the necessity for appropriate
mitigation sttegies for the 1,000 MW plant if a common header is used to transport the hydrogen
to a storage facility. For this scenario, 10% and 1% area partial break cases were also evaluated.
Table29shows the distance at which the overpressure generated from the detonation did not
exceed the discrete fragility overpressure values. As shown, the overpressure drops below 1 psi at
215 meters for the fudore break case. Simtathe other scenarios, the partial break cases show

that overpressure is reduced considerably as the leak size is reduced.

Table 29: Scenario 8 Overpressure Results

Scenario8: Overpressure
Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.1 | 0.69 943 266 74
0.16| 1.1 681 193 54
0.2 | 1.38 585 166 47
0.28| 1.93 468 133 38
0.32| 221 429 122 35
0.48| 3.31 331 95 27
0.59| 4.07 292 84 24
0.71| 4.9 262 76 22
0.97| 6.69 219 64 18

1 6.90 215 63 18
1.49| 10.27 174 51 15
15| 10.34 173 51 15
2.16 | 14.89 145 43 13
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Figure7 shows the overpressure as a function of distance from the leak location. As shown, the
overpressure drops below 1 psi less than 65 meters for both of the partial breaks analyzed. The full
bore scenario drops below 1 psi at 215 meters from the leak location.

Scenario 8: 1,000 MW Common Header
—100% ——10% 1%

10

Overpressure (psi)
[a=] w =Y L (=] ~J oo o

[y

0 50 100 150 200 250 300

Distance from Leak (m)

Figure 7. Scenario 8 Overpressure Results
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6.2.6. Scenario 9

The system parameters for Scenario 9 are evaluated to inform the consequence of a leak from a
nearby storage facility. There are many opiiaha utility can choose for hydrogen storage (tank
size, pressurBRDsize, etc.). A commercially available wsas evaluated for a PRD release to
illustrate a typical consequence at a storage facility. Becaudgotieddak scenario did not result

in appreciable overpressure at distance, no partial breaks were evaluated fdrathis3@ase.

shows the distance at which the overpressure generated from the detonation did not exceed the
discrete fragility overpressure values. As shown, the overpressure drops kai8wétpss for

the fultbore break case.

Table 30: Scenario 9 Overpressure Results

Effective Scenario 9
Pressure 100% Area
Dsi KPa Distance (m)
0.1 0.69 32
0.16 11 23
0.2 1.38 20
0.28 1.93 16
0.32 2.21 15
0.48 3.31 12
0.59 4.07 11
0.71 4.9 10
0.97 6.69 8
1 6.90 8
1.49 10.27 7
15 10.34 7
2.16 | 14.89 6
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Figure8 shows the overpressure as a function of distance from the leak location. As shown, the
overpressure drops below 1 psi around 8 meters for thertuleak scenario.

Case 9: Storage PRD 100% Leak

10

Overpressure (psi)
L

0 5 10 15 20 25 30

Distance from Leak (m)

Figure 8: Scenario 9 Overpressure Results
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6.2.7. Sensitivity Analysis

To quantify the uncertainty in the methodology used to calculate the overpressure results, a different
unconfined overpressurethod was used in a sensitivity analysis. The TNT equivalence method

was evaluated for each of the scenarios to identify the differenbaak siettances between the

two methods.The HYyRAM+ technical reference mamuellides details on the defamtiuts and

equations used to perform the TNT equivalence calcu[@lidvste, a 3%quivalence factor is

used to scale the flammable mass.igthe default value in HyRAM+ for TNT equivalence

calculations, which is theosenmended value from the Center for Chemical Proces§S4fety
Table31throughTable36show the overpressure results from the TNT equivalence method
sensitivity.The TNT equivalence method resulted in larger distances to the discrete overpressure
values than that of the Bauwens methodology.

Table 31: Scenario 1, 2, & 3 TNT Equivalence Sensitivity Results

Overpressure

Effective Scenario 1 Scenario 2 Scenario 3

Pressure Distance (m) Distance (m) Distance (m)
psi kPa
0.48| 3.31 7 16 16
0.59| 4.07 6 14 14
0.71| 4.9 6 12 13
0.97| 6.69 5 10 11

1 6.90 5 10 10
1.49| 10.27 4 8 8
15 | 10.34 4 8 8
2.16 | 14.89 3 7 7
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Table 32: Scenario 4 & 5 TNT Equivalence Sensitivity Results

Scenario 4 & 5: Overpressure

Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.48| 3.31 80 26 8
0.59| 4.07 69 22 7
0.71| 4.9 61 20 7
0.97| 6.69 51 16 5

1 6.90 49 16 5
1.49| 10.27 39 13 4
15 | 10.34 39 13 4
2.16 | 14.89 33 11 4

Table 33: Scenario 6 TNT Equivalence Sensitivity Results

Scenario 6: Overpressure

Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.48| 3.31 131 42 14
0.59 | 4.07 113 36 12
0.71 4.9 101 32 11
0.97| 6.69 83 27 9

1 6.90 81 26 9
1.49| 10.27 64 21 7
15| 10.34 64 21 7
2.16 | 14.89 53 17 6

51




Table 34: Scenario 7 TNT Equivalence Sensitivity Results

Scenario7: Overpressure

Effective 100% Area 10%Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.48| 3.31 331 108 35
0.59| 4.07 285 93 30
0.71| 4.9 254 83 27
0.97| 6.69 209 68 22

1 6.90 204 67 22
1.49| 10.27 161 53 17
15 | 10.34 161 53 17
2.16| 14.89 135 44 14

Table 35: Scenario 8 TNT Equivalence Sensitivity Results

Scenario8: Overpressure

Effective 100% Area 10% Area 1% Area
Pressure Distance (m) Distance (m) Distance (m)

psi kPa
0.48| 3.31 408 136 44
0.59 | 4.07 352 117 38
0.71 4.9 314 104 34
0.97| 6.69 258 86 28

1 6.90 252 84 27
1.49| 10.27 199 66 21
15 | 10.34 199 66 21
2.16 | 14.89 167 55 18
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Table 36: Scenario 9 TNT Equivalence Sensitivity Results

Effective Scenario 9
Pressure 100% Area
osi KkPa Distance (m)
0.48 3.31 22
0.59 4.07 19
0.71 4.9 17
0.97 6.69 14
1 6.90 14
1.49 10.27 11
15 10.34 11
2.16 14.89 9
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Figure9 throughFigurel4 show comparison plots between the two methodologies for each of the
scenarios. Ashown, the TNT method is limiting for each of the scenarios.

Overpressure (psi)
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Figure 9: Scenario 1, 2, & 3 Sensitivity Results Comparison
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Figure 10: Scenario 4 & 5 Sensitivity Results Comparison
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Figure 11: Scenario 6 Sensitivity Results Comparison
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Figure 12: Scenario 7 Sensitivity Results Comparison

Scenario 8: 1,000 MW Common Header
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Figure 13: Scenario 8 Sensitivity Results Comparison
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Figure 14: Scenario 9 Sensitivity Results Comparison
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Table37throughTable42shows a comparison of the results between the two methodologies. As
mentioned, the TNT equivalence method results in larger distances at each of the discrete
overpressure fragility values. Generally, the difference between thesi&moredses as the

distance from the leak increases. For the 0.48 psi fragility value, the largest nominal difference was
seen in Scenamat 77 meters.

Table 37: Scenario 1, 2, & 3 Sensitivity Results Comparison

Scenario 1, 2 & 3: Overpressure
Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure Case 1 Case2 Case3 Case 1 Case2 Case3
Distance | Distance | Distance | Distance | Distance | Distance
psi | kPa (m) (m) (m) (m) (m) (m)
0.48| 3.31 75% 60% 45% 3 6 5
0.59| 4.07 100% 56% 40% 3 5 4
0.71| 4.9 100% 50% 44% 3 4 4
0.97| 6.69 67% 43% 38% 2 3 3
1 6.90 67% 43% 25% 2 3 2
1.49| 10.27 33% 33% 33% 1 2 2
15 | 10.34 33% 33% 33% 1 2 2
2.16 | 14.89 50% 40% 17% 1 2 1
Average %ncrease forTNT Average Nominallncrease for TNT
Method Method
66% 45% 34% 2 3.375 2.875
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Table 38: Scenario 4 & 5 Sensitivity Results Comparison

Scenario 4 & 5: Overpressure

Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure 100% Area| 10% Area| 1% Area| 100% Areg 10% Area| 1% Area
Distance | Distance | Distance | Distance | Distance | Distance
psi | kPa (m) (m) (m) (m) (m) (m)
0.48| 3.31 57% 86% 100% 29 12 4
0.59| 4.07 53% 83% 133% 24 10 4
0.71| 4.9 49% 82% 133% 20 9 4
0.97| 6.69 50% 60% 67% 17 6 2
1 6.90 44% 60% 67% 15 6 2
1.49| 10.27 39% 63% 100% 11 5 2
1.5 | 10.34 39% 63% 100% 11 5 2
2.16 | 14.89 38% 57% 100% 9 4 2
Average %ncrease for TNT Average Nominallncrease for TNT
Method Method
46% 69% 100% 17 7.125 2.75
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Table 39: Scenario 6 Sensitivity Results Comparison

Scenario 6: Overpressure

Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure 100% Area| 10% Area| 1% Area| 100% Areg 10% Area| 1% Area
Distance | Distance | Distance | Distance | Distance | Distance
psi | kPa (m) (m) (m) (m) (m) (m)
0.48| 3.31 42% 62% 100% 39 16 7
0.59| 4.07 40% 57% 100% 32 13 6
0.71| 4.9 38% 52% 83% 28 11 5
0.97| 6.69 34% 50% 80% 21 9 4
1 6.90 33% 44% 80% 20 8 4
1.49| 10.27 31% 40% 75% 15 6 3
1.5 | 10.34 31% 50% 75% 15 7 3
2.16 | 14.89 26% 42% 50% 11 5 2
Average %ncrease for TNT Average Nominallncrease for TNT
Method Method
34% 50% 80% 22.625 9.375 4.25
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Table 40: Scenario 7 Sensitivity Results Comparison

Scenario7: Overpressure

Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure 100% Area| 10% Area| 1% Area| 100% Areg 10% Area| 1%Area
Distance | Distance | Distance | Distance | Distance | Distance
psi | kPa (m) (m) (m) (m) (m) (m)
0.48| 3.31 28% 44% 67% 72 33 14
0.59| 4.07 25% 39% 58% 57 26 11
0.71 4.9 25% 38% 59% 50 23 10
0.97| 6.69 22% 36% 57% 38 18 8
1 6.90 21% 34% 57% 36 17 8
1.49| 10.27 18% 33% 42% 25 13 5
15 10.34 18% 33% 42% 25 13 5
2.16| 14.89 18% 29% 40% 21 10 4
Average % Increase for TNT Average Nominal Increase for TNT
Method Method
22% 36% 53% 40.5 19.125 8.125
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Table 41: Scenario 8 Sensitivity Results Comparison

Scenario8: Overpressure

Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure 100% Area| 10% Area| 1% Area| 100% Areg 10% Area| 1% Area
Distance | Distance | Distance | Distance | Distance | Distance
psi | kPa (m) (m) (m) (m) (m) (m)
0.48| 3.31 23% 43% 63% 77 41 17
0.59| 4.07 21% 39% 58% 60 33 14
0.71 4.9 20% 37% 55% 52 28 12
0.97| 6.69 18% 34% 56% 39 22 10
1 6.90 17% 33% 50% 37 21 9
1.49| 10.27 14% 29% 40% 25 15 6
15 10.34 15% 29% 40% 26 15 6
2.16| 14.89 15% 28% 38% 22 12 5
Average %ncrease for TNT Average Nominal Increase for TNT
Method Method
18% 34% 50% 42.25 23.375 9.875
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Table 42: Scenario 9Sensitivity Results Comparison

Scenario9: Overpressure

Effective % Increase for TNT Method Nominal Increase for TNT Method
Pressure
100% Area Distance (m) 100% Area Distance (m)
psi kPa
0.48| 3.31 83% 10
0.59| 4.07 73% 8
0.71| 49 70% 7
0.97| 6.69 75% 6
1 6.90 75% 6
1.49| 10.27 57% 4
15 | 10.34 57% 4
2.16 | 14.89 50% 3
Average % Increase fofNT Average Nominal Increase for TNT
Method Method
68% 6
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6.3. Radiative Heat Flux

The radiative heat flux from a jet flame resulting from an ignited hydrogen leak was also evaluated as
a potential consequence. HyRAM+ was utilized to perform the radiative heat flux calculations as a
function of distancfy]. Note, the jet flame resulting from an ignited hydrogen leak does not remain
completely horizontal due to buoyancy. Therefore\vilag/ (height) at which the heat flux is

reported is not zero. The jet flame will rise at different rates based oyinbenut parameters.

The heat flux reported in these results is at¢berginate that represents 75% of the visible flame

length along the streamline of the jet flame, which is different for each case. Note, this is the default
behavior in HyRAM+7].

6.3.1. Scenarios 1,2, & 3

Similar to the overpressure evaluation, onlyddl leaks were evaluated for Scenario 1, 2, and 3.
Table43shows the results for the different radiation levels outlined in 8edii®shown, even
for the lowest radiation fragility value, thébaek distance is within 15 m from the leak source.

Table 43: Scenario 1, 2, & 3 Heat Flux Results

Heat Flux

Radiation Level | Scenario 1| Scenario2 | Scenario3
(kw/m 2 Distance | Distance | Distance

(m) (m) (m)

1.6 6 13 13

5 5 10 10

9.5 5 9 9

12.5 5 9 9

25 4 8 8

37.5 4 8 8
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Figurel5shows the heat flux as a function of distance from the leak for Scenario 1, 2, & 3. As
shown, the heat flux drops rapidly as the distance from the leak increases.

Scenario 1 (0.73 m elevation), 2 (2.31 m elevation), & 3 (2.57 m elevation)

Scenario 1 Scenario 2 Scenario 3
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Figure 15: Scenario 1, 2, & 3 Heat Flux Results
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6.3.2. Scenarios 4 &5

Fulkbore, 10%, and 1% area partial break cases were evaluated for ScenafiabledddBows

the results for the different radiation levels outlined in Sécthsshown, the minimum heat flux
sufficient to case damage to process equipment (37.5%wéacurs at 56 meters for the-hire

leak. As with overpressure, the heat flux is significantly reduced as the break size decreases.

Table 44: Scenario 4 & 5 Heat Flux Results

Scenario 4 & 5: Heat Flux
Radiation Level | 100% Areal 10% Area| 1% Area
(kw/m 2 Distance | Distance | Distance
(m) (m) (m)
1.6 115 35 10
5 82 26 8
9.5 70 23 7
12.5 66 22 7
25 59 20 6
37.5 56 19 6
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Figurel6shows the heat flux as a function of distance from the leak for Scenargimi&arsio

the overpressure, the flatire leak results in much further distances to discrete heat flushaalues
the partial leak cases.

Scenario 4 & 5: Downstream of 1st Compression and Purification
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Figure 16: Scenario 4 & 5 Heat Flux Results
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6.3.3. Scenario 6

The system parameters for Scenario 6 represent the limiting conditions in terms of consequence in
the100 MWhydrogen generation facility faat flux as well. For this scenario, 10% and 1% area
partial break cases were also evalubsdated5shows the results for the different radiation levels
outlined in Sectiofh As shown, the minimum heat flux sufficient to cause damage to process
equipment (37 J6nv/m?) occurs at 88 meters for the-hdlre leak. As with overpressure, the heat

flux is significantly reduced as the break size decreases.

Table 45: Scenario 6 Heat Flux Results

Scenario 6: Heat Flux

Radiation Level | 100% Area] 10% Area | 1% Area
(kw/m 2 Distance | Distance | Distance

(m) (m) (m)

1.6 192 60 17

5 135 44 13

9.5 115 38 12

12.5 108 36 11

25 94 33 11

37.5 88 31 10
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Figurel7shows the heat flux as a function of distance from the leak for Scenario 6. 8ieilar to
overpressure, the fibbre leak results in much further distances to discrete heat flux values than the
partial leak cases.

Figure 17: Scenario 6 Heat Flux Results
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